Introduction
In the process of chemotaxis, animal cells sense gradients of attractant and adjust direction accordingly. In Dictyostelium discoideum, phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P 3 ] has been implicated in this process (Zhou et al., 1998; Chen et al., 2003; Dormann et al., 2004; Franca-Koh et al., 2007) . Upon stimulation by the chemoattractant cAMP, the PtdIns(3,4,5)P 3 -binding proteins CRAC and AKT/PKB translocate to the leading edge of polarized cells (Parent and Devreotes, 1999; Meili et al., 1999; Servant et al., 2000; Haugh et al., 2000; Funamoto et al., 2001; Huang et al., 2003) . The kinases responsible for PtdIns(3,4,5)P 3 synthesis, the phosphoinositide 3-kinases (PI 3-kinases), localize to the anterior pseudopod (Funamoto et al., 2002) and the phosphatase believed responsible for PtdIns(3,4,5)P 3 dephosphorylation, the tumor suppressor protein PTEN, localizes to the cortex of the posterior cell body (Funamoto et al., 2002; Iijima and Devreotes, 2002) . These and other observations led initially to the hypothesis that a shallow extracellular spatial gradient of chemoattractant was amplified intracellularly through the genesis of a steep PtdIns(3,4,5)P 3 gradient, which in turn dictated cell polarity, anterior pseudopod extension and the direction of cellular translocation in an increasing spatial gradient of attractant (Funamoto et al., 2002; Iijima and Devreotes, 2002) . Defects in the behavior of pten -and pi(3)k1/2 -cells seemed consistent with this hypothesis (Funamoto et al., 2001; Iijima and Devreotes, 2002; Huang et al., 2003) . Subsequently, it was proposed that PTEN and the PI 3-kinases must play roles downstream of the gradient sensing device Franca-Koh et al., 2007) . A number of observations were consistent with this latter hypothesis. First, Iijima and Devreotes (Iijima and Devreotes, 2002) reported that pten -cells challenged with a spatial gradient of attractant released from a micropipette ultimately did undergo chemotaxis, although with aberrant behavior (Iijima and Devreotes, 2002) . Second, Andrew and Insall (Andrew and Insall, 2007) found that inhibition of PI 3-kinase activity with LY297002 did not affect the accuracy of chemotaxis in a spatial gradient of attractant, although pseudopod extension was aberrant. Third, Hoeller and Kay (Hoeller and Kay, 2007) deleted the five type I PI 3-kinases and PTEN from D. discoideum and observed that the sextuple mutant underwent chemotaxis in a spatial gradient of attractant, although again with aberrant behavior. These observations were consistent with an earlier report that the double mutant pi(3)k1/2 -underwent chemotaxis in a spatial gradient of cAMP (Buczynski et al., 1997) , although this result was later retracted (Funamoto et al., 2001 ). Third, it was found that attractant-stimulated relocalization of PtdIns(3,4,5)P 3 -binding proteins from the cytoplasm to the membrane of the anterior pseudopod was not essential for chemotaxis (Postma et al., 2003; Postma et al., 2004) . Finally, several studies in higher eukaryotes revealed that PTEN was not essential for chemotaxis (Lacalle et al., 2004; Nishio et al., 2007; Ferguson et al., 2007; Subramanian et al., 2007) . But the exact role of PTEN remained elusive.
It has been suggested that the phosphatydylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P 3 ] phosphatase and tensin homolog PTEN plays a fundamental role in Dictyostelium discoideum chemotaxis. To identify that role, the behavior of a pten -mutant was quantitatively analyzed using twodimensional and three-dimensional computer-assisted methods. pten -cells were capable of polarizing and translocating in the absence of attractant, and sensing and responding to spatial gradients, temporal gradients and natural waves of attractant. However, all of these responses were compromised (i.e. less efficient) because of the fundamental incapacity of pten -cells to suppress lateral pseudopod formation and turning. This defect was equally manifested in the absence, as well as presence, of attractant. PTEN, which is constitutively localized in the cortex of polarized cells, was found essential for the attractantstimulated increase in cortical myosin II and F-actin that is responsible for the increased suppression of pseudopods during chemotaxis. PTEN, therefore, plays a fundamental role in the suppression of lateral pseudopod formation, a process essential for the efficiency of locomotion and chemotaxis, but not in directional sensing.
To explore that role, we have performed a high resolution computer-assisted analysis (Soll, 1995; Soll and Voss, 1998; Results pten -cells exhibit a behavioral defect in the absence of attractant In previous studies, the behavior of pten -cells had not been compared to that of parental cells in the absence of attractant, to test whether PTEN played a role in basic cell motility. To test this possibility, cells developed either in suspension by pulsing with cAMP, or on pads, were distributed at low density on the glass surface of a chamber and perfused with buffer in the absence of attractant. The majority of pten -cells like parental AX2 cells were polar and motile (defined as migrated with average instantaneous velocities of above 3 m per minute), but migration of pten -cells was impaired (Table 1) . The velocity of pten -cell was reduced by approximately one half, and 'positive flow', a measure of area displacement (Soll, 1995) , was reduced by approximately one-third (Table 1 ). In the absence of chemoattractant, pten -cells moved less persistently than AX2 cells, as was evident in the 2D parameters reflecting persistence (e.g. directional change and directional persistence; Table 1 ) and in comparisons of 2D centroid and perimeter tracks (Fig. 1A-D) . Cells of the rescued pten -strain PTEN-GFP/pten -regained the characteristics of the parent AX2 strain (data not shown).
Lateral pseudopod formation
The possibility that the decrease in persistence of pten -cells could be the result of abnormally high frequencies of lateral pseudopod formation was tested by measuring the frequency and position of lateral pseudopod formation in two dimensions. A lateral pseudopod was defined in two dimensions as a protrusion extending at an angle у30° from the anteriorposterior axis that attained an area у15% of the total area of the cell body and did not arise by bifurcation or biased expansion of the original anterior pseudopod (Wessels et al., 1988) . In the absence of attractant, pten -cells formed lateral pseudopods at a frequency approximately 40% higher than that of parental cells (Table 2) . The increase was due primarily to a four-fold increase in the frequency of pseudopod formation in the posterior half of a pten -cell (Table 2) . A qualitative analysis of lateral pseudopod formation by PTEN-GFP/pten -cells revealed a return to the pattern of AX2 cells (data not shown).
The defect in the suppression of lateral pseudopod formation by pten -cells (Table 2 ) was evident in 3D-DIAS reconstructions of living cells perfused with buffer. Like AX2 cells, pten -cells were on average elongate, with their long axis extended on the substratum (Fig. 1F) . A tapered uropod with tail fibers (color-coded green) was usually discernable. Multiple pseudopods, however, abnormally extended from both the anterior and posterior regions of pten -cell (Fig. 1F ). These pseudopods could become unusually long, flaccid and in some cases, ribbon-like (Fig. 1F) . Frequently, one of these pseudopods wrapped around the pten -cell body ( Fig. 1F : 115 to 125 seconds), a behavior never observed in AX2 cells. Although the time it took for a lateral pseudopod to achieve maximum volume was similar between AX2 and pten -cells, the rate of expansion of pseudopods of pten -cells was approximately half that of AX2 cells (Table 3) . Similarly, the maximum volume achieved by expanding pten -pseudopods was less than half that of AX2 pseudopods (Table 3) . The rates and total time of pseudopod retraction, however, were similar (Table 3 ). The differences observed in 3D reconstructions between the AX2 and pten -cell in Fig. 1E and F, respectively, were representative of ten additional cells of each strain. A dynamic comparison of a representative AX2 and pten -cell is presented in 3D in Movie 1 in supplementary material.
In the majority of experiments described here, cells were separated by two cell lengths (~30 m) on average, and perfused at rates that turned over chamber volume four times per minute. To be sure that the differences between AX2 and 
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Cells were perfused with buffer to prohibit them from conditioning their microenvironment through release of cAMP. Values are presented as mean ± standard deviation.
*To obtain aggregation-competent cells, development was driven either by pulsing cells in suspension with cAMP, or by allowing cells to signal naturally in dense cell carpets on filter pads saturated with buffer. In the latter case, the onset of aggregation in parental AX2 cell carpets began after 7 hours whereas that of pten -cells began after 14 hours. † A motile cell was one with an average instantaneous velocity over the period of analysis (5-10 minutes) of у3 m/minute. All parameters were computed for these motile cells.
‡ The P values were considered significant if P<0.05 (Student's t-test); NS, not significant.
pten
-were for cells truly migrating in the absence of attractant, we repeated the perfusion experiments at very low cell densities (i.e. at distances between cells averaging 10 cell diameters, ~150 m) and extremely high perfusion rates (i.e. at rates at which volume turned over six times a minute). Cells were analyzed only at the intake port with no upstream cells evident. The same differences between AX2 and pten -cells were observed (data not shown).
-cells break the rules for orderly pseudopod formation As previously demonstrated , wild-type cells translocating in the absence of attractant extend only one pseudopod at a time ( Fig. 2A,B) . This rule was broken by pten -cells (Fig. 2C,D) . pten -cells extended multiple lateral pseudopods in parallel (Fig. 2C,D Table 4 ), but centroid and perimeter tracks were more contracted, less directional, and less persistent (Fig. 3B,D) than those of AX2 cells (Fig. 3A,C) . Pulsed-and pad-developed pten -cells exhibited average chemotactic indices (CIs) of +0.18±0.25 and +0.28±0.29, respectively, less than half that of AX2 cells (Table 4) . Histograms of chemotactic indices revealed that although a majority of pten -cells, like AX2 cells, underwent chemotaxis in a spatial gradient of cAMP, pten -cells could not achieve the high-end chemotactic indices that AX2 cells achieved (Fig. 4) . Qualitative analyses of the tracks of cells of the pten -rescued strain PTEN-GFP/pten -revealed a return to highly efficient chemotaxis (data not shown).
Lateral pseudopod formation in a spatial gradient of cAMP pten -cells undergoing chemotaxis in a spatial gradient of chemoattractant exhibited a decrease in average instantaneous velocity, a decrease in average directional persistence and an increase in average directional change when compared to AX2 cells (Table 4 ). These differences were similar to those in buffer ( Table 1 ), suggesting that as in buffer, the main defect might be the incapacity to suppress lateral pseudopod formation. This proved to be the case ( Table 2 ). The frequency of lateral pseudopod formation of pten -cells was 3.4 times higher than that of for AX2 cells in a spatial gradient of cAMP ( Table 2 ). The frequency in the posterior half of a pten -cell was on average ten times higher than that of AX2 cells ( Table 2 ). The defect was apparent in 3D reconstructions (Fig. 3E,F) . A similar abnormality in pseudopod formation was suggested in earlier qualitative observations by Iijima and Devreotes (Iijima and Devreotes, 2002) .
The response to temporal gradients of cAMP During natural aggregation, D. discoideum amoebae respond to the temporal as well as spatial information in relayed waves of attractant (Varnum et al., 1985; Varnum-Finney et al., 1987a; Varnum-Finney et al., 1987b; Wessels et al., 1992; Soll et al., 2002) . The responsiveness of a cell to the temporal information of a wave can be tested in a perfusion chamber in which increasing and decreasing concentrations of attractant are generated in sequence so that they mimic the concentrations and temporal dynamics of natural waves ( Fig. 5) (Varnum et al., 1985; Varnum-Finney et al., 1987a; Wessels et al., 1992) . pten -cells (Fig. 5A ,B), like AX2 cells (Fig. 5C ,D), exhibited velocity increases in a majority of the front of the last three in a series of four temporal waves. The average magnitude of the surges of pten -cells, however, was lower than that of AX2 cells (compare Fig. 5A with B), suggesting that pten -cells failed to suppress lateral pseudopod formation in response to the increasing gradient in the front of each wave. An analysis of lateral pseudopod formation in two dimensions confirmed this prediction. While AX2 cells formed lateral pseudopods during the mid 2.5 minutes in the front of waves 2, 3 and 4 at an average frequency of 1.8±0.9 per 2.5 minutes (n=15 wave fronts), pten -cells formed them at an average frequency of 3.5±1.0 per 2.5 minutes (n=15 wave fronts; P<0.0001).
Response to natural waves
The preceding results suggested that pten -cells should be able to assess both the spatial and temporal information in natural Journal of Cell Science 120 (15) 
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The values are presented as mean ± standard deviation. All parameters were assessed with 3D-DIAS software Wessels et al., 2006) . *The P values were considered significant if P<0.05 (Student's t-test).
waves of cAMP and respond by surging in the general direction of the source in the front of each wave, but that the response should be compromised because of the defect in lateral pseudopod suppression. To test this prediction, pten -cells were vitally stained with DiI, mixed with majority unlabeled AX2 cells at a ratio of one to nine, respectively, and monitored for their response to waves generated by majority AX2 cells in submerged aggregation cultures (Escalante et al., 1997) . Minority pten -cells moved in surges in the general direction of the aggregation centers (Fig. 6A , red tracks), as did majority AX2 cells (Fig. 6A , black track). However, the paths were more erratic than those of AX2 cells, with more sharp turns that took cells off track. The average interval time between velocity peaks for AX2 and pten -cells, however, were similar. A 2D analysis of pseudopod formation revealed that during the velocity surges, pten -cells formed lateral pseudopods at a frequency approximately three times that of AX2 cells (data not shown). In aggregation territories composed exclusively of pten -cells, behavior was cyclic but as was the case in AX2 territories, the cell tracks were more erratic (Fig. 6E) . These results indicate that pten -cells are capable of gradient sensing and chemotaxis in natural waves of cAMP generated by AX2 cells and in self-generated waves, but are less efficient in their response in both cases because of a defect in the suppression of lateral pseudopod formation.
pten
-and 3XASP cells share behavioral defects The computer-assisted 2D and 3D methods used here to analyze pten -cells have also been applied to varying degrees to over 20 other D. discoideum mutants, allowing behavioral comparisons between pten -and these mutants. The behavioral defects of pten -cells were remarkably similar to those of a subset of seven of these mutants, most notably the myosin II heavy chain phosphorylation mutant 3XASP (Heid et al., 2004; Heid et al., 2005) . 3XASP contains a myosin heavy chain that mimics a constitutively phosphorylated state and, therefore, cannot readily polymerize in the cell cortex (Egelhoff et al., 1993; Egelhoff et al., 1996; Levi et al., 2002) . As was the case for pten -cells (Fig. 1B,D ; Fig. 3B,D) , the perimeter tracks of 3XASP cells in buffer (Fig. 7B ) or in a spatial gradient of cAMP (Fig. 7D) were more compressed than those of parental JH10 cells (Fig. 7A and C, respectively), and 3D-DIAS reconstructions revealed that 3XASP cells abnormally extended multiple pseudopods from both anterior and posterior regions of the cell body (Fig. 7F) , in contrast to parental JH10 cells (Fig. 7E) . The behavioral parameters of 3XASP cells also differed from those of parental JH10 cells in a manner highly similar to that of pten -and AX2 cells (Fig. 7G ).
Myosin II and F-actin relocalization
In 3XASP cells, neither myosin II nor F-actin relocalize to the cell cortex in response to the increasing temporal gradient of -cells. Both anterior and lateral pseudopods were reconstructed and volumes estimated at each time point using 3D-DIAS software Heid et al., 2005) . Cells were analyzed on the bridge of a gradient chamber fashioned after that of Zigmond (Zigmond, 1977) . Only motile cells moving at velocities ജ3 m per minute were analyzed.
‡ The Student's t-test was employed to compute the P value. The difference in values was considered significant if the P<0.05. P>0.05 was considered not significant (NS). cAMP in the front of the third in a series of temporal waves, as they do in wild-type cells (Egelhoff et al., 1993; Egelhoff et al., 1996; Moores and Spudich, 1996; Levi et al., 2002; Laevsky and Knecht, 2003; Heid et al., 2004) . A similar defect was observed in pten -cells. For AX2 and pten -cells migrating in the absence of attractant, myosin II was absent from pseudopods, and showed diffuse staining throughout the cytoplasm of the cell body, with only a hint of cortical localization (Fig. 8A,B and C,D, respectively) . In the increasing temporal gradient of cAMP in the third in a series of temporal waves, there was an increase in myosin II in the cortex of AX2 cells (Fig. 8E,F) , but not in the cortex of pten -cells (Fig. 8G,H) . Line scans of pixel intensity across the cell body supported this conclusion. Similar analyses of ten additional AX2 and pten -cells provided similar results. Western analysis with anti-myosin II heavy chain antibody (Burns et al., 1995) demonstrated similar levels of total myosin II in parental AX2 and pten -cells, both in buffer and in spatial gradients of cAMP (data not shown).
A similar analysis of F-actin localization was performed using Rhodamine-conjugated phalloidin staining. In both AX2 and pten -cells migrating in buffer in the absence of attractant, F-actin localized intensely in pseudopods (Fig. 8I ,J and K,L, respectively). There was diffuse, low intensity staining throughout the cytoplasm and a hint of cortical localization in both cell types. In an increasing temporal gradient in the front of the third in a series of four temporal waves, there was an increase in F-actin in the cortex of AX2 cells (Fig. 8M,N) , but no comparable increase in pten -cells (Fig. 8O,P) . Line scans of pixel intensity supported this conclusion (Fig. 8M,N and O,P, respectively).
PTEN distribution
Since relocalization of both myosin II and F-actin in response to the increasing temporal gradient of attractant in the front of a wave requires PTEN, we compared the distribution of PTEN in response to attractant in an AX2 derivative that expressed PTEN-GFP. This strain behaved similarly to the parent AX2 strain in the absence of attractant, in response to a spatial gradient of attractant and in response to a temporal gradient of Journal of Cell Science 120 (15) attractant (data not shown). In the absence of attractant, PTEN-GFP localized to the cortex of the main cell body and was found diffusely throughout the cytoplasm (Fig. 9A) . Cortical localization ended at the junctions between the main cell body and both lateral and anterior pseudopods (Fig. 9A) . No difference was observed between cells migrating in the absence of attractant (Fig. 9A ) and cells undergoing chemotaxis in a spatial gradient of cAMP (Fig. 9B) . The ratio of cortical to cytoplasmic staining were statistically indistinguishable, 1.9±0.27 for ten cells in buffer and 1.7±0.21 for ten cells in a spatial gradient of cAMP (P=0.16).
PTEN also localized to the cell cortex in the front (Fig. 9C) , peak (Fig. 9D ) and back (data not shown) of the third in a series of temporal waves of attractant. These results held true for ten cells analyzed similarly. Hence, whereas myosin II and F-actin increase in the cortex in response to attractant, PTEN remains constitutively localized in the cortex. Discussion PTEN, a potent tumor suppressor in vertebrates, has been implicated in cell migration and chemotaxis in both lower and higher eukaryotes (Sulis and Parsons, 2003) . It possesses a phosphatase domain believed responsible for PtdIns(3,4,5)P 3 dephosphorylation and a C2-domain for membrane interactions Vazquez et al., 2006; Cho and Stahelin, 2006) . Its homology to tensin suggests a possible interaction with the cytoskeleton. In D. discoideum, it has been hypothesized that PTEN played a critical role in polarization and directed movement in the chemotactic response (Iijima and Devreotes, 2002; Funamoto et al., 2002; Iijima et al., 2004; Devreotes and Janetopoulos, 2003; Franca-Koh et al., 2007) , but the exact role was not elucidated. Because 2D and 3D computer-assisted reconstruction and motion analysis of living cells provides a powerful tool for elucidating behavior defects in mutants and, hence, insights into the role of mutated proteins Soll et al., 2002) , we used this approach on the pten -mutant.
PTEN's role is constitutive
We show for the first time that PTEN plays a role in the suppression of lateral pseudopod formation in the absence, as well as in the presence, of attractant. When perfused with buffer, wild-type cells expressing PTEN form lateral pseudopods -cells respond to the increasing temporal gradient of cAMP in the last three of a series of four temporal waves generated in a perfusion chamber in the absence of established spatial gradients. These waves mimic the temporal dynamics of natural waves (Tomchik and Devreotes, 1981) , but the response is lower than that of parental AX2 cells. (A) Time plots of the instantaneous velocity (Inst. Vel.) of two representative AX2 cells responding to four successive temporal waves of cAMP. AX2 cells exhibit an increase in velocity in the front of the last three of four successive temporal waves of attractant. They do not respond to the first wave, as previously reported (Varnum et al., 1985; Wessels et al., 1992) . (B) The instantaneous velocity of three representative pten -cells responding to four successive temporal waves of cAMP. pten -cells exhibit, on average, an increase in velocity in the front of the last three waves, but the magnitude of the increase is far below that of AX2 cells. Behavior in the front of each wave is color-coded blue. on average every 2 minutes (Wessels et al., 2000a) . Wild-type cells extend only one pseudopod at a time (Wessels et al., 2000a; Wessels et al., 1996) and rarely from the posterior half of the cells (Varnum-Finney et al., 1987b; Wessels et al., 2000a; Wessels et al., 2000a) . When perfused with buffer, pten -cells formed lateral pseudopods at a frequency approximately 50% higher than wild-type cells, extended them frequently from the posterior end and extended more than one at a time.
In a spatial or increasing temporal gradient of cAMP, the average frequency of lateral pseudopod formation of wild-type cells is reduced to once every 4-5 minutes (Kumar et al., 2004; Shutt et al., 1995; Stepanovic et al., 2005; Varnum-Finney et al., 1987a; Wessels et al., 2000a; Wessels et al., 2000b; Zhang et al., 2003) . In marked contrast, pten -cells challenged with spatial or temporal gradients of cAMP continued to form lateral pseudopods at abnormally high frequency, and continued to extend them in parallel and from the rear of the cell. Hence, PTEN plays a constitutive role in the suppression of lateral pseudopod formation.
In none of the chemotaxis assays performed here with pten -cells was there an indication of a defect in the actual mechanism of gradient sensing or maintenance of polarity (i.e. in maintaining an anterior-posterior axis with defined uropod). pten -cells were fully capable of interpreting the direction of a spatial gradient and moving in the general direction of increasing attractant concentration both in vitro and in the front of a natural wave. In both cases, however, translocation paths were more erratic because of unwarranted turns. Furthermore, whereas pten -cells surged in an increasing temporal gradient in the front of a simulated temporal wave, the increase in velocity was dampened by unwarranted turns. Hence, although the responses to spatial and temporal gradients of attractant were intact, the efficiency of each response was diminished. Recently, Andrew and Insall (Andrew and Insall, 2007) demonstrated that in preparations in which cells were challenged with a spatial gradient of attractant, inhibition of PI 3-kinase activity with LY294002 affected the angle of pseudopod formation, but not direction (i.e. not gradient sensing). Hoeller and Kay (Hoeller and Kay, 2007) deleted all five PI 3-kinase genes as well as PTEN, and observed nearnormal chemotaxis under the conditions employed. Moreover, a number of studies of animal cells demonstrated that PTENdeficient cells underwent chemotaxis (Lacalle et al., 2004; Nishio et al., 2007; Ferguson et al., 2007; Subramanian et al., 2007) . Together with our observations, these results call into question a role for an intracellular PtdIns(3,4,5)P 3 gradient in sensing an extracellular gradient of attractant or in the maintenance of cell polarity. Moreover, the constitutive role played by PTEN in pseudopod suppression demonstrated here calls into question the accuracy of models in which PTEN has Journal of Cell Science 120 (15) been placed as a downstream component of a regulatory pathway for chemotaxis that is activated by chemoattractant (Franca-Koh et al., 2007) .
PTEN and the cortical localization of myosin II and F-actin
In reviewing the behavioral defects of more than fifteen D. discoideum mutants that have been subjected to computerassisted methods, we identified a subset remarkably similar to pten -cells. They included the null mutant of the myosin II heavy chain (MHC), mhcA - (Wessels et al., 1989; Wessels and Soll, 1990; Peters et al., 1988; Sheldon and Knecht, 1996; Heid et al., 2004) , the MHC dephosphorylation mutant, 3XASP (Heid et al., 2004) , the null mutant of clathrin, chc - (Wessels et al., 2000a) , the null mutant for sphingosine-1-phosphate (S-1-P) lyase (Kumar et al., 2004) , and null mutants of three class I myosins, myoB -, myoA -and myoF - (Falk et al., 2003; Titus et al., 1993; Wessels et al., 1996) . The remaining mutants that were subjected to computer-assisted methods exhibited a variety of behavioral defects quite distinct from those of pten -and this subset (Cox et al., 1992; Cox et al., 1996; Alexander et al., 1992; Shutt et al., 1995; Wessels et al., 2000a; Wessels et al., 2000b; Zhang et al., 2002; Bosgraaf et al., 2002; Bosgraaf et al., 2005; Stepanovic et al., 2005) .
The MHC of 3XASP cannot readily polymerize and localize to the cell cortex (Egelhoff et al., 1993; Egelhoff et al., 1996) . The spatial and temporal gradients of cAMP associated with the front of a natural wave do not, therefore, stimulate an increase in cortical myosin II or the associated increase in cortical F-actin in the 3XASP mutant (Yumura and Fukui, 1985; Yumura and Uyeda, 1997; Wessels et al., 2000b; Fig. 3B,D. ) (E,F) 3D-DIAS reconstructions of a JH10 and 3XASP cell, respectively, translocating in buffer reveal that whereas the former extends a dominant anterior pseudopod with occasional lateral pseudopods, the latter extends multiple pseudopods from both anterior and posterior regions of the cell body. Color coding of reconstructions are the same as in Fig. 1 . (Compare with corresponding data for AX2 and pten -in Fig. 1E and F, respectively.) (G) The defects in motility and chemotaxis reflected in measured parameters are remarkably similar for 3XASP and pten -cells. The ratio of the average mutant to parental parameter is presented for cells translocating in the absence of cAMP and for cells responding to a spatial gradient of cAMP. Instant. vel., instantaneous velocity; Dir. change, direction change; Pers., directional persistence; % Pos. chemotaxis, percentage positive chemotaxis. The 2D and 3D analyses of JH10 and 3XASP for A-F were performed anew for this study. The data for computing the parameter proportions for 3XASP and JH10 represent a combination from Heid et al. (Heid et al., 2004) and new experiments. The chemotactic index for 3XASP was recomputed from new data for which interval time was the same as that used for the pten -study.
2004). Previously it was suggested that the cortical actinmyosin cytoskeleton acted as a barrier to lateral pseudopod formation (Wessels et al., 1988; Wessels and Soll, 1990; Spudich, 1989) , and subsequent studies demonstrated that cortical myosin II polymerization generated cortical tension (Egelhoff et al., 1996; Lee et al., 1994; Lück-Vielmetter et al., 1990; Pasternak et al., 1989) . Interestingly, the myosin I mutant myoB -, which exhibits behavioral defects similar to those of pten -and 3XASP cells , has also been shown to exhibit a decrease in cortical tension, suggesting a cooperative role with myosin II in generating cortical tension (Dai et al., 1999) .
Previous experiments in which pten -cells were globally stimulated by the rapid addition (i.e. within seconds) of a high concentration of attractant (10 -6 M cAMP) revealed exaggerated F-actin polymerization (Iijima and Devreotes, 2002) . Such global stimulation, however, is non-physiological since cells normally experience gradual rather than rapid changes in attractant in relayed waves during natural chemotaxis (Tomchik and Devreotes, 1981; Soll et al., 2002) . Global stimulation by the rapid addition of 10 -6 M cAMP has been demonstrated to cause a highly abnormal response that includes the immediate cessation of cellular translocation, an immediate decrease in cytoplasmic flow, a rapid loss of F-actin in pseudopodia, a rapid increase in cortical F-actin and a rapid, transient increase in total cell F-actin (Wessels et al., 1989; Varnum and Soll, 1984; Varnum et al., 1985; Varnum-Finney et al., 1988; Hall et al., 1988; Futrelle et al., 1981; Condeelis et al., 1988; Dharmwardhane et al., 1989; McRobbie and Newell, 1983; Chen et al., 2003) . We therefore compared myosin II and F-actin localization between cells migrating in the absence of attractant and cells responding to the third in a series of temporal waves that mimicked the temporal dynamics of natural waves. As was the case for 3XASP cells, neither myosin II nor F-actin increased in the cortex of pten -cells in response to an increasing temporal gradient of attractant Journal of Cell Science 120 (15) Fig. 8. pten -, like 3XASP, is defective in myosin II and F-actin localization to the cortex in response to an increasing temporal gradient of cAMP in the front of a temporal wave. (A,B and C,D) Indirect immunofluorescent staining of myosin II heavy chain in parental AX2 and pten -cells, respectively, migrating in buffer in the absence of attractant. Note that in both cases, there is very little cortical localization of myosin II. (E,F and G,H) Indirect immunofluorescent staining of myosin II heavy chain and laser scanning confocal microscopic (LSCM) line scans of pixel intensity of AX2 cells and pten -cells, respectively, migrating in the front of the third temporal cAMP wave in a series. Note that whereas there is a substantial increase in cortical staining in AX2 cells, there is no detectable increase in cortical staining in pten -cells. (I,J and K,L) Phalloidin staining of F-actin in Ax2 and pten -cells, respectively, migrating in buffer. Note that whereas the pseudopodia stain brightly for F-actin, there is only a hint of cortical staining in both cell types in buffer. (M,N and O,P) Phalloidin staining of F-actin and LSMC line scans of pixel intensity of AX2 cells and pten -cells, respectively, in the third of a series of temporal waves of cAMP. Note that whereas there is a substantial increase in cortical staining in AX2 cells, there is no similar increase in pten -cells. a, anterior end; u, uropod; e, cell edge. Line across cells in A-H, and M-P, indicates position of scan. (Egelhoff et al., 1996; Zhang et al., 2002; Zhang et al., 2003; Wessels et al., 2000b; Wessels et al., 2004; Heid et al., 2004) . Together, these results suggest that in response to the front of a natural wave of attractant, PTEN may be essential for the normal increase in cortical myosin II and F-actin, which functions to further suppress lateral pseudopod formation during chemotaxis, presumably through increased cortical tension.
Because PTEN exhibits homology to tensin Li et al., 1997; Steck et al., 1997) , we entertained the possibility that it could interact with the F-actin-myosin II cytoskeleton, perhaps entering the cortex in combination with F-actin and myosin II, in response to the increasing temporal and positive spatial gradients of attractant associated with the front of a wave. Previous experiments in which wild-type cells were globally stimulated by the rapid addition of a high concentration of cAMP (10 -6 M) revealed a transient decrease in cortical PTEN (Funamoto et al., 2002; Iijima and Devreotes, 2002 ) that occurred at the expected time of transient pseudopod retraction, the cessation of cellular translocation, depolymerization of pseudopodial F-actin and doubling of total cell F-actin (Wessels et al., 1989) . It is, therefore, difficult to ascribe a role for this transient decrease in cortical PTEN to cell locomotion or chemotaxis. It was also demonstrated that when attractant is released from a micropipette on one side of a latrunculin-treated cell, which is rendered apolar due to the depolymerization of F-actin, PI 3-kinase and phosphoinositide-3-binding proteins rapidly localize to the side of the cell that first experiences attractant, whereas PTEN localizes to the opposite side of the cell, indicating that a gradient of attractant can immediately and correctly polarize a 'naïve' cell, and induce PTEN localization away from the source of attractant (Janetopoulos et al., 2004 ). Here we have found, however, that once a cell is polarized, PTEN remains at the same level in the cortex in absence or presence of attractant. PTEN localizes similarly in the cortex of the posterior two-thirds of a cell oriented up a spatial gradient of attractant, a cell oriented at a 45° angle to a spatial gradient or even oriented in the wrong direction (i.e. down the gradient; D.W. and D.R.S., unpublished). It also localizes similarly in the front, peak and back of a temporal wave of cAMP that mimics the temporal dynamics of a natural wave. Hence, once polarity is established, the direction of the extracellular spatial or temporal gradient does not appear to affect the cortical localization of PTEN along the anterior-posterior cell axis. Although these observations are not consistent with cooperative relocalization of PTEN, F-actin and myosin II to the cell cortex in response to a chemotactic signal, such a mechanism cannot be ruled out given the dynamic fashion in which PTEN may interact with the plasma membrane (Vazquez et al., 2006) . A model for PTEN, myosin II and lateral pseudopod suppression We have, therefore, presented evidence that the sole role of PTEN appears to be in the suppression of lateral pseudopod formation. We have shown for the first time that PTEN plays this role in the absence, as well as, in the presence of attractant. PTEN appears to function as a mediator of F-actin-myosin II localization in the cell cortex. In a model that accommodates these results (Fig. 10) , we propose, first, that PTEN is essential for cortical localization of an F-actin-myosin II-based cytoskeleton that is responsible for the suppression of lateral pseudopod formation through the generation of cortical tension. In the absence of attractant, this system functions at steady state, resulting in a level of F-actin-myosin II localization in the cortex that allows lateral pseudopods to form spontaneously on average once every 2 minutes (Fig. 10A) . Lateral pseudopods form stochastically at random sites primarily along the cortex of the anterior portion of the main cell body where the cortical cytoskeleton is transiently weakened or disrupted, and cortical tension transiently diminished (Postma et al., 2003) . When cells orient and rapidly move in the direction of an aggregation center in response to the positive spatial gradient and increasing temporal gradient of attractant associated with the front of a natural wave, there is a receptor-mediated increase in the rate of myosin II heavy chain (MHC) dephosphorylation, resulting in increased cortical localization of the actin-myosin cytoskeleton, increased cortical tension, and further suppression of lateral pseudopods (Fig. 10B) . The frequency of lateral pseudopod formation decreases to less than one every 5 minutes. The suppression of lateral pseudopod formation increases the efficiency of chemotaxis by keeping a correctly oriented cell on track . The common behavioral defects of pten -, 3XASP, the deletion mutants of the three class I myosins, clathrin and S-1-P lyase, suggest that the steady state level of lateral pseudopod formation in the absence of attractant, and further suppression of lateral pseudopod formation in the front of a wave, involve proteins heretofore not considered in previous models for the role of PTEN in D. discoideum motility and chemotaxis.
Materials and Methods
Origin, maintenance and development of strains Frozen stocks of the mutant pten -, the rescue strain PTEN-GFP/pten -and the parental AX2, generously provided by Peter Devreotes, Johns Hopkins University (Iijima and Devreotes, 2002) , were reconstituted every 3 weeks in HL-5 growth medium (Cocucci and Sussman, 1970) supplemented with 5 g/ml of blasticidin in the case of pten -and PTEN-GFP/pten -. Growth medium of the rescue strain also contained 10 g/ml of G418. The myosin heavy chain phosphorylation mutant 3XASP and its parental strain JH10 (Egelhoff et al., 1993) were maintained as previously described (Heid et al., 2004) .
Two different protocols were used to generate cAMP-responsive, motile cells. In the first, cells suspended in buffered salts solution (BSS: 20 mM KCl, 2.5 mM MgCl 2 , 20 mM KH 2 PO 4 , 5 mM Na 2 HPO 4 , pH 6.4) at a density of 5ϫ10 6 per ml were pulsed every 6 minutes with 50 nM cAMP for 6 hours at 22°C, as previously Journal of Cell Science 120 (15) Fig. 10 . A model for the role of PTEN in the suppression of lateral pseudopod formation. In the absence and in the presence of attractant, PTEN localizes constitutively at the same level in the cortex of the main cell body. (A) In the absence of attractant, a low steady state level of MHC-dephosphorylation results in myosin II and F-actin localization in the cortex with PTEN. This steady state localization is responsible for the suppression of lateral pseudopod formation through the generation of cortical tension. Once every 2 minutes in the absence of attractant, a lateral pseudopod forms randomly, usually from the anterior half of the cell body at a site where the myosin II-F-actin cortex transiently weakens. (B) In response to the increasing temporal and positive spatial gradients of attractant in the front of wave, a receptor-mediated signal transduction pathway is activated that increases the rate of myosin II dephosphorylation, resulting in an increase in cortical myosin II and F-actin. This results in an increase in cortical tension, leading to the increased suppression of lateral pseudopod formation in the front of a wave. In this model, receptor-mediated dephosphorylation of MHC is responsible for increased cortical tension. The similar behavioral defects of the mutants myoA, myoB, myoF, clathrin and sphingosine-1-phosphate lyase suggest that they also play roles in steady state pseudopod suppression in the absence of attractant and increased suppression in the front of a wave. In the model, PTEN is essential for myosin II-F-actin localization and pseudopod suppression in the absence of attractant, and the increases in localization and suppression in the front of the wave. But because it remains at a constitutive level in the cortex, it has not been placed in the receptor-activated transduction pathway leading to increased pseudopod suppression. It should be emphasized that this model deals with a mechanism that affects the efficiency of the chemotactic response through lateral pseudopod suppression, not with a mechanism of gradient sensing or the maintenance of cellular polarity.
described (Iijima and Devreotes, 2002; Wessels et al., 2004) . In the second protocol, cells were developed on filter pads as previously described (Soll, 1979; Wessels et al., 2006) .
Generation of a PTEN-GFP-expressing AX2 strain
The AX2-PTEN-GFP strain was generated according to protocols described by Sandman et al. (Sandman et al., 1997) . In brief, AX2 cells were washed in ice-cold buffer supplemented with 50 mM sucrose, mixed with 5 g of PTEN-pTX-GFP obtained from the Dictyostelium Stock Center (http://dictybase.org/ StockCenter/ StockCenter.html) and then electroporated with a Bio-Rad Electroporator at 3 F and 1.7 kV. Clonal populations of G418-resistant transformants were obtained by Fluorescence Activated Cell Sorting (FACS) at the University of Iowa Flow Cytometry Facility.
Behavioral analysis
2D-DIAS (Two-dimensional Dynamic Image Analysis System) software was used to examine motility in the absence of attractant. A low density suspension of cells was distributed on a 25 mm glass coverslip in a Sykes-Moore perfusion chamber (Bellco Glass, Vineland, NJ) as described in detail elsewhere (Varnum et al., 1986) . The chamber was perfused with BSS at a rate that turned over one chamber volumeequivalent every 15 seconds. A cell density was determined that allowed individual, uninterrupted cell migration over a 10-minute period.
2D-DIAS was also used to examine chemotaxis in a spatial gradient (Soll, 1995; Soll and Voss, 1998) . Cells were dispersed on the bridge of a Plexiglas chamber (Varnum and Soll, 1984) designed after that of Zigmond (Zigmond, 1977) . For 3D-DIAS studies , cells were dispersed on the quartz bridge of a chamber suitable for optical sectioning with differential interference contrast (DIC) microscopy (Shutt et al., 1998) . In both spatial gradient chambers, BSS alone was added to one of the two troughs bordering the bridge and BSS containing 10 -6 M cAMP was added to the parallel trough. For the analysis of cellular responses to temporal cAMP waves, the NE-1000 Multi-Phaser Programmable Syringe Pump (New Era Pump Systems, Wantagh, NY) system, described in detail elsewhere (Geiger et al., 2003) , was used to generate a series of four cAMP waves that exhibited the concentration range, average periodicity and symmetry of natural waves (Tomchik and Devreotes, 1981) .
To assess mutant cell behavior in wild-type aggregation territories, pten -cells were labeled with DiI (Molecular Probes, Eugene, OR) and mixed with majority unlabeled parental AX2 cells as previously described . Transmitted and fluorescent images were collected with a Bio-Rad Radiance 2100MP laser scanning confocal microscope (LSCM) (Bio-Rad, Hemel Hampstead, UK). To assess pten -cell behavior in a pten -aggregation territory, only unlabeled mutant cells were plated in submerged cultures.
2D-DIAS
2D-DIAS software was used for computer-assisted 2D analyses as previously described (Soll, 1995; Soll and Voss, 1998; Wessels et al., 2006) . In brief, cells were imaged through a bright-field 25ϫ objective (Falk et al., 2003; Zhang et al., 2003; Heid et al., 2004) . Movies were acquired with iStop Motion, exported into QuickTime format and then imported into DIAS. Motility parameters were computed from the centroid positions and dynamic morphology parameters from contours of the replacement images (Soll, 1995; Soll and Voss, 1998; Soll et al., 2000) .
3D-DIAS
Cells were optically sectioned and reconstructed using 3D-DIAS software as previously described (Zhang et al., 2003; Wessels et al., 2006) . In brief, 60 optical sections were collected of live, crawling cells in a 2-second period using DIC optics in a process that was repeated every 5 seconds. The image was captured at 30 frames per second using iMovie software and an analog to digital converter. The resulting iMovie was compressed into the DIAS format. 3D-DIAS software in a newly developed JAVA-based DIAS 4.0 platform automatically outlined the perimeter of the in-focus portion of the image in each optical section using a pixel complexity algorithm Heid et al., 2005) . The distal nonparticulate zones of pseudopodial regions and nuclei were manually outlined in the in-focus portions of each optical section to generate a faceted 3D reconstruction.
Western analysis of myosin II
The protocol for western analysis of myosin II in pten -cells has been described in detail elsewhere (Heid et al., 2004) . Briefly, protein concentrations were determined by the method of Bradford (Bradford, 1976) . Protein extracts were subjected to SDS-polyacrylamide gel electrophoresis (Laemmli, 1970) , then transferred to a PVDF membrane (Immobilon-P, Millipore Corporation, Bedford, MA) using a Trans-Blot semi-dry electrophoretic transfer cell (Bio-Rad, Hercules, CA) and a single buffer system. The membranes were blocked and incubated with rabbit antimyosin II antibody (generous gifts from Arturo DeLozanne (University of Texas, Austin, TX and Margaret Clarke, Oklahoma Medical Research Foundation, Oklahoma City, OK). The primary antibody was detected using HRP-labeled goat anti-rabbit IgG (Promega, Madison, WI), developed with Super Signal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL) and exposed to X-ray film (Eastman Kodak, Rochester, NY).
Immunostaining of actin and myosin II
For F-actin identification in cells migrating in buffer or in the front of the third temporal wave of cAMP, cells were inoculated into a Sykes-Moore chamber and stained according to methods previously described (Wessels et al., 1989) , with minor modifications. In brief, after 5 minutes of perfusion with buffer or midway in the front of the third temporal wave, fixative, consisting of 1% glutaraldehyde, 0.1% Triton X-100 in General Buffer (GB) (Wessels et al., 1989) was rapidly introduced into the Sykes-Moore chamber. After 5 minutes, cells were washed three times with GB containing 1 mg/ml NaBH 4 to quench autofluorescence, rinsed once in TBS and stained for 45 minutes with Rhodamine-conjugated phalloidin (Molecular Probes Inc., Eugene, OR) in TBS containing 1% BSA. Coverslips were then rinsed in TBS containing 1% BSA and 0.02% saponin.
For myosin II staining, cells were fixed for 5 minutes in a solution containing 4% paraformaldehyde, 0.05% glutaraldehyde and 0.1% saponin in a phosphatebuffered solution (PBS: 2.7 mM KCl, 1.5 mM KH 2 PO4, 8.0 mM Na 2 HPO 4 ). Cells were then rinsed three times in PBS with 1 mg/ml NaBH 4 and once with PBS alone, blocked for 45 minutes at 37°C with 10% goat serum in PBS and then rinsed three times in PBS. Cells were then stained with rabbit anti-myosin II antibody (Burns et al., 1995) diluted 1:1000 in 10% goat serum in PBS for 45 minutes at 37°C. Following extensive PBS washes, coverslips were counterstained with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen, Inc.) diluted 1:1000 in PBS.
Fluorescence analysis
Cells stained for F-actin or myosin II were mounted in Mowiol (Calbiochem) and imaged with a Bio-Rad Radiance 2100MP laser scanning confocal microscope (LSCM) as previously described (Heid et al., 2004) using procedures designed to obtain comparable measures of the intensity of staining across the cell body .
Parental AX2 cells expressing GFP-PTEN were imaged by LSCM, using a 60ϫ plan apochromat water immersion objective (NA 1.2) according to methods previously described (Wessels et al., 2006) . A time series of crawling cells was collected at 5-second intervals in an xy time series at a scan rate of 166 lines per second. Line profiles of grayscale intensity were obtained as described above and elsewhere in detail Wessels et al., 2006) .
